The nonlinear relationship between pressure and volume in the diastolic left ventricle is not fixed; interventions shift the pressure-volume curve within a few beats, and long-term changes in the heart's operating environment produce chronic shifts.'"•' The fact that human diastolic pressure increases with little or no volume increase (or even a decrease) during ischemia 4 " 9 is probably the most widely discussed acute reversible change in the pressurevolume relationship. Drugs that alter afterload 10 " 13 also change the diastolic pressure-volume relationship. In addition to these acute reversible changes, the human diastolic pressure-volume curve exhibits long-term changes following coronary artery disease, 4 ' l4~18 hypertrophy, 17 " 21 pressure 20 ' 22 and volume 22 overloading, cardiomyopathy, 15 "" 1 ' 20 and myocardial infarction. 14 -23 Five potential mechanisms have been suggested to explain these changes in the pressure-volume relationship: changes in the heart's geometry, changes in the myocardium's passive mechanical properties, incomplete relaxation from the previous systole, engorgement of the coronary circulation, and interaction between the two ventricles. This review discusses the evidence concerning each of these mechanisms.
The nonlinear relationship between pressure and volume in the diastolic left ventricle is not fixed; interventions shift the pressure-volume curve within a few beats, and long-term changes in the heart's operating environment produce chronic shifts.'"•' The fact that human diastolic pressure increases with little or no volume increase (or even a decrease) during ischemia 4 " 9 is probably the most widely discussed acute reversible change in the pressurevolume relationship. Drugs that alter afterload 10 " 13 also change the diastolic pressure-volume relationship. In addition to these acute reversible changes, the human diastolic pressure-volume curve exhibits long-term changes following coronary artery disease, 4 ' l4~18 hypertrophy, 17 " 21 pressure 20 ' 22 and volume 22 overloading, cardiomyopathy, 15 "" 1 ' 20 and myocardial infarction. 14 -23 Five potential mechanisms have been suggested to explain these changes in the pressure-volume relationship: changes in the heart's geometry, changes in the myocardium's passive mechanical properties, incomplete relaxation from the previous systole, engorgement of the coronary circulation, and interaction between the two ventricles. This review discusses the evidence concerning each of these mechanisms.
Since the relationship between pressure and volume during diastole varies, one cannot use elevated end-diastolic pressure to indicate chronic systolic failure or enddiastolic pressure instead of volume when constructing left ventricular function curves. The diastolic pressurevolume curve's ability to change can produce shifts in traditional ventricular function curves, even with no change in systolic performance. The observation that the pressure-volume curve changes with disease motivated considerable effort to compute a clinical index of cardiac stiffness to quantify the extent and severity of ischemia associated with coronary artery disease. Whereas ischemia, as well as other conditions, affects the curve, it is doubtful that one can compute such a clinical index. Understanding the diastolic pressure-volume relationship and how it changes alters one's view of cardiac function and raises the question of whether the observed shifts in the pressure-volume curve can be manipulated to achieve therapeutic goals.
Basic Mechanics
To explore how left ventricle geometry and muscle elasticity affect the diastolic pressure-volume relationship, we will begin with one simple theoretical model which defines ventricular pressure, p, in terms of volume, V, wall thickness, h, and the elasticity of the muscle which comprises it. We will use this equation to provide a framework in which to discuss experimental work relating to the effects of left ventricular size and muscle elasticity on the pressure-volume curve and then go on to consider other factors such as viscoelasticity and the right ventricle. This equation follows from five assumptions about the left ventricle. (1) It behaves as a spherical shell of uniform thickness which does not contract. (2) All the muscle fibers carry the average wall stress and deform as if at mid-wall. ( 3) It remains in static equilibrium. (4) Internal pressure induces the only load. (5) Unstimulated muscle behaves elastically under a one-dimensional load according to the equation, 24 o-(e) = a(e"* E -1) (1) in which cr = Lagrangian stress (force/undeformed area), « = Lagrangian strain, (x-x*)/x*, x = muscle length, x* = muscle rest length (where a and e equal zero), and a and /3* are constants which describe muscle's exponential stress-strain property. Glantz and Kernoff 25 used these assumptions to derive p = aV(2 + i7)(e e * C(2+ " ) ' ?3V/5I1FT ' x *-11 -1) (2) in which 17 equals the ratio of wall thickness, h, to internal radius, r, v = h / r = h(47r/3V)" 3 .
They showed that the values of /3* computed to fit 172 CIRCULATION RESEARCH VOL. 42, No. 2, FEBRUARY 1978 Equation 2 to pressure-volume curves measured in excised dog left ventricles did not differ detectably from the values computed to fit Equation 1 to stress-strain measurements of muscle specimens from the same hearts. In other words, Equation 2 describes the ventricular pressure-volume curve in terms of the wall muscle elasticity. Curve A in Figure 1 illustrates the pressure-volume curve computed with Equation 2 using the mean values for a, /3*, x*, and h (4.6 dyne/cm 2 , 14, 5.6 cm, 1.0 cm), that Glantz and Kernoff found for excised dog ventricles. The fact that wall thickness, h, never appears directly in Equation 2, but always as part of the thickness-radius ratio, 17, suggests that this ratio is one important determinant of the pressure-volume relationship. Mirsky 1 ' 2(i used a different theoretical approach to conclude that the wall volume-to-chamber volume ratio, V w /V, is an important determinant of the ventricle's diastolic behavior; this ratio is analogous to 17. Grossman et al . 3 -' 9 -22 used echocardiography to demonstrate that hypertrophy alters the pressurevolume relationship. In addition, Ford 27 remarked that TJ relates to the peak systolic pressure and may help predict whether or not a given heart will successfully hypertrophy or fail in response to pressure or volume overload. Since 17 = h/r arises naturally in the theories used to describe both diastole and systole and is reasonably accessible using echocardiography, how this parameter relates to the heart's diastolic and systolic performance should be investigated.
Traditional reasoning holds that, since papillary muscle exhibits an exponential stress-strain relationship, the ventricle pressure-volume relationship also should be exponential. 1 ' '"• 17 -2li ' 28 The fact that many investigators 1 ' 14 ' '"• 17,26,28-30 n a v e reasonably described diastolic pressurevolume measurements with the exponential function containing empirical constants b, k and c (4) = be c, or that obtained by differentiating Equation 4, dp/dV = kp -kc,
supports this logic. Others 8 ' »• 13 ' 15 ' l8 ' 20 -:!l go a step further and consider the parameter c negligibly small to work with or p = be kv dp/dV = kp. (6) 
(7)
The fact that (dp/dV)/p = k, the constant considered most important for quantifying the pressure-volume relationship in terms of the ventricle's passive elasticity, helped popularize this ratio as a way to describe diastole. 19 ' 22 ' 32 ' 33 This approach has been accepted widely despite the fact that Noble et al., 30 whose work is often cited to justify Equation 4, cautioned, "End-diastolic pressure often differed from that predicted by the exponential equation above, suggesting that it is not a reliable index of end-diastolic volume and left ventricular compliance."
In addition, Equation 2, which follows directly from an exponential stress-strain law for muscle, is not analogous to either Equation 4 or 7, but rather to one in which volume enters in four places. While the relationship between pressure and volume approximates an exponential function at higher pressures, it resembles a linear function at low pressures ( Fig. I) . 25 -28> 29 -34~37 Both Equation 2 and more sophisticated models, which include realistic geometry 38 and the effects of large deformations, 39 predict this behavior; it results mostly from the nonlinear relationship between chamber volume and wall deformation. In short, even though the pressure-volume curve looks exponential over short segments, the logic that the muscle's exponential stress-strain relationship requires the heart's pressure-volume relationship to be exponential is incorrect.
Stiffness Indices
The important lessons to be learned from the diastolic pressure-volume relationship follow from the fact that it can change with both chronic and acute interventions. The dominant focus of most recent research 1 "" 3 has not been on these questions, but rather on developing a clinical index of ventricle stiffness. There are, however, major computational difficulties with all the proposed indices. These problems arise from two sources. First, a variety of factors can produce diastolic pressure-volume curves that are practically identical. Figure 1 shows that mild hypertrophy (curve B) and global muscle stiffening (curve E) produce very similar pressure-volume curves. Even with frame-by-frame angiography and manometertipped catheters, it is doubtful that one could detect the subtle differences between these two curves necessary to deduce whether altered geometry, altered muscle stiffness, or a combination of the two, produced slight differences in pressure-volume curves.
Second, Glantz 40 used pressure-volume curves measured in excised dog left ventricles to compute 15 ventricle stiffness parameters for two segments of each curve. The lower segment of each curve approximated a normal range of diastolic pressures (3-11 mm Hg), while the higher range approximated the elevated filling pressures of an individual with heart failure (15-32 mm Hg). To be suitable for clinical use, a parameter must describe the FACTORS WHICH AFFECT DIASTOLE/Glantz and Parmley 173 entire pressure-volume curve from such a short segment. This study examined P e d/V e( i, Ap/AV, (dp/dV) ed , [V(dp/dV)]e d , |(V/p(dp/dV)] e(1 , Ap/AD in which D equals left ventricular diameter, (Ap/AD)/p, in which p equals mean diastolic pressure, parameters from simple exponential functions (Equations 4-7), and more sophisticated derived parameters.'" 117 ''-s -211 Unfortunately, all these parameters change significantly from one segment of the same pressure-volume curve to the next. In addition, the magnitude of the change differed in different hearts, indicating that there is no simple factor to correct for the specific curve segment measured. This fundamental theoretical difficulty precludes computing a single parameter which will permit quantitative description of a given person's myocardium by plotting pressure and volume during diastole.
For example, at moderate pressures, the diastolic pressure-volume curve approximates a straight line on semilog graph paper. This observation led to fitting the pressurevolume curve with Equation 6. Figure 2 shows that if one uses the two end points of each pressure-volume segment (analagous to beginning-and end-diastole), this equation describes each segment quite well ( Fig. 2, top ), but the two resulting curves differ substantially (Fig. 2 This result follows from the fact that, even though each pressure-volume curve segment approximates a straight line on semilog paper, neither is a true exponential. In people, diastolic pressure tends to increase with heart disease, together with the values of stiffness indices. A tendency toward higher values of pressure-volume indices in diseased patients may reflect the fact that one has obtained points higher on the pressure-volume curve, not necessarily a change in the muscle's mechanical properties. This computational artifact may explain the weak but significant correlations that appear between end-diastolic pressure and many ventricle stiffness indices. 7 -'"• l4 -IB-2.1. 41 j n j s f act> c o m 5i n e c i with the technical difficulties of measuring pressure-volume curves in people, a variable baseline due to pleural pressure differences from one individual to the next, 10 and the interaction between the two ventricles, probably explains the large within-groups variance that all investigators report in their parameters' values. This scatter makes it difficult, if not impossible, to resolve a patient population into subgroups; often different investigators' data break into different subgroups despite uniformly good measurement technique. 4 -Simply increasing measurement fidelity will not resolve these difficulties; none of these parameters accurately characterizes the entire diastolic pressure-volume curve from a segment such as one can reasonably expect to obtain in the clinical setting. Rather than computing stiffness indices, we should concentrate on understanding what shifts the pressure-volume curve, realizing that the mechanisms may be different in chronic and acute cases. The following sections discuss each suggested mechanism and evaluate its probable importance. We begin with the simple theoretical model embodied in Equation 2, then consider factors which have not yet been incorporated into such models.
Hypertrophy and Dilation
What change does Equation 2 predict for the diastolic pressure-volume curve with ventricular hypertrophy, dilation, and changes in muscle elasticity? Curve B in Figure  1 shows that mild hypertrophy (h increased from 1.0 to 1.2 cm) substantially moves the curve left from its original location (curve A). Even with no change in muscle elasticity (a and /3*), the ventricle becomes harder to inflate with blood. Ventricle dilation alters the pressurevolume curve's location and shape. Curve C shows that increasing x* from 5.6 to 7.0 cm moves the pressurevolume curve to higher volumes and flattens it. Equation 2 shows that it requires relatively little dilation (in terms of circumferential expansion) to produce substantial volume changes. In our example, a 25% increase in x* more than doubles volume over the operating section of the pressure-volume curve. The shape change does not reflect any change in muscle's elastic properties, but arises from the nonlinear relationship between V and x*.
Hypertrophy of a dilated heart will tend to return the pressure-volume curve toward its original position ( Fig.  1 , curve A). For example, curve D shows the pressurevolume curve one would expect if the dilated heart of curve C (x* = 7.0 cm) hypertrophied from 1.0 to 2.0 cm 174 CIRCULATION RESEARCH VOL. 42, No. 2, FEBRUARY 1978 thick. Laks et al. 43 found such combined effects in dogs with hypertrophy induced by creating right ventricular pressure overload with a pulmonary artery band. At first the heart dilated, then increased its mass with little additional dilation.
Similarly, McCullagh et al. 32 used dogs to show that, after they had created a chronic volume overload by constructing a side-to-side aortic-inferior vena cava anastomosis, the left ventricular diastolic pressure-volume curve shifted toward higher volumes over 5-10 weeks. This result is consistent with what one would expect if the heart slowly increased the rest length of the muscle that comprises it. In addition, they found that the pressurevolume curve steepened, requiring some effect in addition to dilation. McCullagh et al. suggested that some hypertrophy may have occurred, the muscle elasticity may have changed, or the volume overload may have changed right ventricular volume which, in turn, changed the shape of the left ventricular pressure-volume curve. 36 ' 37> 44 " 46 Whatever caused the curve to steepen, however, the dominant effect was an increase of the left ventricle's rest size. After the volume overload was relieved by closing the shunt, the pressure-volume curve began returning toward its original position as hypertrophy and dilation regressed.
Gaasch et al. 31 presented the results of frame-by-frame angiography from studies on people that showed that, as Equation 2 predicts, as hearts dilate, the pressure-volume curve moves toward higher pressures and flattens ( Fig.  3 ). In general, geometric changes -hypertrophy and dilation-play an important role in determining how the diastolic pressure-volume relationship changes in response to chronic changes in the heart's operating environment. On the other hand, it is doubtful that the heart can increase its rest size or hypertrophy rapidly; wall thickness changes and dilation probably play no role in producing the acute shifts in the pressure-volume curve that develop with ischemia or hemodynamic interventions.
Wall Elasticity
So far we have considered how the ventricle's wall thickness and resting size affect diastole. Global or regional changes in muscle elasticity can also affect the pressure-volume curve. For example, changing the stiff- 40 50 80 100 LV VOLUME (cc/m 2 ) 120 FIGURE 3 As the heart dilates, the pressure-volume curve flattens, as Equation 2 predicts. These data, measured using frame-byframe angiography in humans, were reported by Caasch et al. 3 ' (Reproduced by permission of the American Heart Association, Inc.) ness parameter /3* from 14 to 16 in Equation 2 moves the pressure-volume relationship from curve A to curve E in Figure 1 . (Note that the resulting curve resembles what we saw when the wall hypertrophied from 1.0 to 1.2 cm with no elasticity change.) Chronic heart wall elasticity changes can substantially affect the pressure-volume relationship, but it is doubtful that such changes play a significant role in creating the acute shifts seen with ischemia or afterload-altering agents.
Parmley et al. 47 showed that chronic ventricular aneurysms which developed after infarction were much stiffer than normal muscle. Hood et al. 29 found that muscle stiffening could be detected in dogs 3-5 days after inducing myocardial infarction by ligating the left anterior descending coronary artery. Compared to sham-operated dogs, the left ventricular pressure-volume curve in excised hearts was shifted to the left (Fig. 4 ). They also completed in situ measurement of end-diastolic dimensions and pressures and found that, while the end-diastolic volumes of infarcted and control hearts were virtually identical, the infarcted hearts had significantly higher end-diastolic pressures. On measuring the relationship between epicardial segment length and ventricular pressure in the postmortem hearts, they found no difference between the normal muscle in the infarcted hearts and the muscle in the sham-operated hearts, but the infarct region appeared significantly stiffer than the healthy regions ( Fig. 4 ). Diamond and Forrester 14 and Smith et al. 2 ' 1 noted that, following myocardial infarction, left ventricles in people seemed to be operating on steeper or leftward-shifted pressure-volume curves compared to normal individuals. Thus, in chronic settings, such as following infarction, the resulting fibrosis can change the heart wall's passive mechanical properties and alter the pressure-volume relationship substantially. After myocardial infarction, however, opposing influences act on the pressure-volume curve. Although fibrous tissue formation may tend to shift the curve left, congestive heart failure produces dilation and a rightward shift of the curve. 12 With small infarcts, the former effect probably dominates, but the latter effect would be more important with large infarcts. In any event, chronic elasticity changes significantly influence the pressure-volume curve.
During acute reversible interventions, such as acute ischemia induced by atrial pacing 4 " 8 or isometric exercise, 9 the pressure-volume curve also shifts up. In light of results of the chronic studies discussed above, it has been argued that hypoxic muscle is stiffer than normally oxygenated muscle and that such stiffness changes alter the pressurevolume curve in a way similar to that seen following infarction. However, many investigators have examined the effects of hypoxia or anoxia on the resting properties of isolated papillary muscle 12 ' 48 " 52 and found little or no change in its resting stress-strain relationship. Only in muscle driven to contracture 5 ' 1 -54 does muscle's passive stress-strain relationship change markedly.
In addition to these studies of isolated muscle, experiments on dogs do not support the view that heart muscle reversibly stiffens during transient ischemia. Templeton et al. 55 umically contracting dog hearts by ligating the proximal left anterior descending coronary artery and found that ischemia did not affect the ventricle's passive elasticity. Palacious et al. 5 (i reached the same conclusion using a different preparation. They placed dog hearts on right heart bypass, cannulated both main coronary arteries to control total coronary blood flow, and attached two mercury-in-silastic strain gauges to measure left ventricular circumference and base-to-apex dimensions. They found that the end-diastolic pressure-dimension curves did not change during global ischemia lasting up to 2 hours or during reflow. Like Templeton et al., 55 Palacious et al. noted a substantial decrease in systolic performance and concluded that depressed systolic performance rather than muscle elasticity change elevated diastolic pressure. Forrester et al. 29 created acute myocardial infarcts in dogs by injecting mercury into the left circumflex coronary artery, then removed the hearts and measured pressurevolume curves. Rather than finding stiffer ventricles, the pressure-volume curves 1 hour after infarction were not significantly different from those of hearts taken from normal dogs. Tyberg et al. 57 and Lekven and Kiil 58 studied the relationship between muscle segment length, measured with ultrasonic crystals, and left ventricular pressure during acute regional ischemia and found the ischemic region to be less stiff than the normal muscle. Franklin et al. 59 measured left ventricular pressure, dimension, and wall thickness in conscious dogs during coronary occlusion and found results similar to those of earlier workers.
Since they could measure wall thickness, they concluded that changes in local wall thickness during ischemia shifted the pressure-length curve to the right. When they corrected for wall thickness to more closely approximate a stress-strain measurement, they found no change during ischemia. Thus, if anything, regional ischemia makes the wall easier to extend rather than stiffening it. Such changes are, however, too small to exert a significant influence on the entire ventricle's pressure-volume relationship.
Viscoelasticity and Filling Rate Changes
Now, let us move beyond the purely elastic model we have been using to frame our discussion. In purely elastic material, stress depends only on strain, whereas many observers 60 " 66 have noted that isolated cardiac and skeletal muscle stress depends not only on strain but also on strain rate (how fast the specimen is stretched). Such materials are called viscoelastic. Since the material that comprises the ventricle is viscoelastic, stress -and hence internal pressure -must depend not only on volume, but also on filling rate. Indeed, Taylor et al. :!(i demonstrated stress relaxation -a manifestation of viscoelastic properties-in isolated dog hearts. When they quickly infused a 2-ml bolus of blood into a KCl-arrested dog heart, the pressure suddenly increased, then fell slightly over the next few seconds. Viscoelastic effects play a role in determining the precise shape of the diastolic pressure wave, but the precise nature and significance of muscle viscoelasticity remain open questions.
Noble et al. 30 noted that cardiac muscle's viscoelastic nature should produce a deviation from the exponentiallooking pressure-volume curve during early and late diastole when filling rates are highest. Using implanted radioopaque markers in conscious dogs, they found little evidence for such an effect under control conditions or following a simple heart rate elevation. On the other hand, they found that isoproterenol, which shortens diastole and increases filling rate, did shift the pressurevolume points leftward during periods of rapid filling. Methoxamine, which also increases filling speed, presumably because of high left atrial pressure, altered the pressure-volume curve in a manner similar to that caused by isoproterenol. 30 Horwitz and Bishop 67 used ultrasonic crystals to measure pressure-diameter relations in conscious dogs and found that increases in heart rate induced by isoproterenol shifted the pressure diameter curve to 176 CIRCULATION RESEARCH VOL. 42, No. 2, FEBRUARY 1978 the left. Both groups attributed these changes to viscoelastic effects.
Rankin et al." 8 and Kennish et al. 69-7° independently modified Equation 1 to add a term which makes stress depend on both strain and strain rate, o-= a(e" 1) + ye (8) in which y is a viscosity parameter and e = de/dt, then combined this equation with assumed elliptical geometry for the left ventricle to show that including viscous effects substantially improved their ability to describe the diastolic pressure-volume curve's shape, especially during rapid filling.
In studies on humans, Gaasch et al. 31 used frame-byframe angiography to find that points during atrial systole fell above the exponential Equation 6 fit to the pressurevolume data taken during the entire diastole. This deviation was much smaller in people with atrial fibrillation where atrial systole did not contribute an increment in filling rate during late diastole. They found the same result in individuals with mitral stenosis in whom ventricle filling occurred at a slower, more uniform rate through diastole. On the basis of these results, they argued that diastolic pressure depended on filling rate, so viscous effects were important. Alderman and Glantz 10 reported similar results but found no correlation between a variety of parameters taken to reflect ventricle stiffness (including those which follow from Equations 2 and 6) and filling rate. Likewise, Gibson and Brown 71 used one-dimensional echocardiography, pressure measurements, and a mathematical model to compute wall stress in human left ventricles. During early diastole, the time of peak left ventricular filling rate, stiffness computed as dcr/dx was falling rapidly as the muscle relaxed. Though dcr/dx increased in late diastole, this result occurred even in people with atrial fibrillation and mitral stenosis. They concluded that the stress-strain relation they computed did not result from the pattern of ventricular inflow and its effect on the ventricle's viscoelastic property. Some new studies, 68 " 70 however, support a significant role for viscoelastic effects. The precise nature and significance of muscle viscoelasticity during diastole remains an open question.
Incomplete Relaxation
Heart muscle relaxes after developing tension because the sarcoplasmic reticulum actively removes calcium from the sarcomeres. This process requires energy; if cell metabolism is blocked, the muscle fails to" relax completely, then develops contracture and, ultimately, rigor. 54 These facts motivated many investigators 3 to hypothesize that, at high heart rates or during ischemia, the myocardium does not have adequate time between beats to relax fully and so its apparent stiffness increases. This apparent stiffness change would then alter the diastolic pressurevolume relationship in a way analagous to that produced by a change in muscle elasticity. However, just as modest elasticity changes cannot produce the large acute changes in the pressure-volume curve that have been observed, similar changes in effective elasticity due to incomplete relaxation could not produce such shifts. Weisfeldt et al. 72 quantified incomplete relaxation in isovolumically contracting left ventricles by measuring the pressure difference between the lowest diastolic pressure during pacing at a given rate and the pressure during pacing interruption. They created hypoxia by replacing oxygen with nitrogen in the gas equilibrating with the blood used to perfuse the coronary circulation. They created ischemia by turning off the occlusive perfusion pump and inducing ventricle fibrillation for 1.5-3 minutes. Consistent with results of studies on papillary muscle, their data suggest some incomplete relaxation during recovery from hypoxia or ischemia at high rates but no effect during the actual ischemia or hypoxic episodes. Weiss et al. 7 :l used a rigorously controlled isolated left ventricle to show that, after the time of maximum negative dp/dt, t 0 , the isovolumic pressure drop can be described with P(t) = (9) in which p 0 = pressure at the time of minimum dp/dt, t = time after t (1 , and T = the time constant. (The time constant equals the time required for the pressure to drop to e" 1 = 0.37 of its original value.) As long as the underlying mechanics that determine the time course of exponential fall in isovolumic pressure remain linear, T describes completely the time course of pressure fall. Weiss et al. found that changing ventricular volume has no detectable effect on T, and their data show that T does not vary significantly with heart rate for rates between 110 and 170 min~'.* Ejection shortens T, reflecting the fact that the dynamically ejecting ventricle no longer behaves in a way that can be described as a linear system. The fact that T does not depend on heart rate means that the relaxation rate does not depend on heart rate.
In addition, the fast time constants for relaxation (45-70 msec) suggest that, even if incomplete relaxation could increase minimum diastolic pressure, its effect will have virtually disappeared by end-diastole, which occurs about 250 msec after t,, (or about 5 time constants when the relaxation effect has decayed to e~5 = 0.007 of.its original value), assuming a 120 min~' heart rate. Mitchell et al. 74 suggested that incomplete relaxation might be present early in diastole, but showed convincingly that rate changes precipitated by stellate ganglion stimulation did not affect the end-diastolic pressure-dimension relationship. Since the pressure-volume curve changes that have been observed in people involve shifts of the entire curve, not just the lower end defined early in diastole, the studies of both Mitchell et al. and Weiss et al. argue against incomplete relaxation as a significant factor in mediating acute shifts during ischemia or with afterload altering agents. Likewise, Palacious et al. 56 
measured
• Table 1 of Weiss et al." uses multiple t-tests to find time constants significantly different (P < 0.05 for 3, P < 0.01 for 1) from those obtained at the lowest pacing rate (110 min~'). When intercomparing 7 means with multiple r-tests, the probability of obtaining P < 0.05 at least once is 0.43 and the probability of obtaining P < 0.01 at least once is 0.13. These data should be analyzed using a two-way analysis of variance; such an analysis detects no significant difference between the measurements taken at various heart rates (F e " = 1.7675, 0.5 < P < 0.2). pressure and circumference in isolated dog left ventricles and found that neither acute global ischemia induced by restricting coronary flow for up to 2 hours nor the return of flow altered the left ventricle's pressure-circumference relationship. Despite the fact that they paced the hearts at 150 min" 1 , the diastolic pressure-circumference relationship at the lower point in left ventricular pressure did not shift. This test confirmed complete relaxation at enddiastole, even during ischemia.
For the same reasons, it is unlikely that incomplete relaxation provides the major mechanism for chronic changes in the pressure-volume curve.
Coronary Perfusion Pressure
Salisbury et al. proposed that engorgement of the coronary venous bed following coronary artery pressure increases 75 " 77 or edema 7 "-77 shifted the diastolic pressurevolume curve up. They argued that as blood accumulated in the cardiac veins, they stiffened like erectile tissue and, 'n turn, generated an apparent increase in wall stiffness; this change would then shift the pressure-volume curve up. Their conclusions are open to question on two grounds: they did not measure volume directly and could only produce measurable effects following edema induced by unphysiological procedures (inserting a disposable bag oxygenator in the blood circuit supplying the isolated heart). 7 " Moreover, Abel and Reis 78 used an isovolumic left ventricle to show that doubling coronary artery perfusion pressure (from 75 to 150 mm Hg), directly or by increasing coronary flow with nitroglycerin administration, had no effect on the end-diastolic pressure-volume relationship. Likewise, Templeton et al. 79 used sinusoidal volume perturbations to show that neither changes in coronary artery perfusion pressure nor nitroglycerin administration affected the left ventricle's viscoelastic properties. 7 " Alterations in coronary artery perfusion pressure or flow probably play no direct role in mediating shifts in the diastolic pressure-volume curve.
Ventricular Interaction and the Pericardium
The mechanism for the diastolic pressure-volume curve shifts we have considered could be discussed in terms of the assumptions that underlie Equation 2. This approach allows us to draw important conclusions about how some interventions affect the diastolic pressure-volume curve, but the assumption that internal pressure induces the only load (assumption 4) rules out an important determinant of left ventricular pressure and volume -the right ventricle :«;. . -t7. 44-II; i n theory, the right heart must affect the left heart because they share a common wall, the interventricular septum. The septal stresses depend on the pressure on both its sides; likewise, both ventricular pressures depend on the septal stresses. In addition, both chambers are enclosed in a relatively stiff sac -the pericardium 8 '*" 84 -which restricts expansion of the entire heart and increases the extent to which one side of the heart affects the other. 8:l - 84 Taylor et al.' 1 " and Laks et al.' 17 used excised dog hearts to show that the left ventricular pressure-volume curve depended on right ventricular volume. Specifically, as the right ventricular volume and pressure increased, the left ventricular pressure-volume curve shifted left and steepened. Bemis et al., 44 Elzinga et al., 45 and Santamore et al. 4 " used isolated beating hearts in which the right and left heart volumes and loads could be controlled independently to show a direction correlation between right and left ventricular pressures. This correlation appeared even with the pericardium open, 45 -4 " although the coupling was stronger with it closed. 45 All these investigators observed ventricular interaction large enough to be physiologically significant.
In addition to facilitating direct mechanical coupling between right and left ventricular pressures, the pericardium itself affects the left ventricular diastolic pressurevolume relationship. Spotnitz and Kaiser 85 found that the pressure-volume curve for excised dog left ventricle dropped by about half after the pericardium was removed, and Hefner et al. 8 ' 1 found the pressure-circumference relationship of beating dog hearts was considerably flatter when the pericardium was open than after it had been sutured closed ( Fig. 5 ). Glantz et al. 84 showed similar results in open-chest dogs and went on to conclude that the pericardium played a more important role than the myocardium in determining diastolic pressure.
These observations question the prudence of using hearts suspended in pericardial cradles as a physiological model to study ventricular function. In addition, it raises the interesting question as to whether Glantz and Kernoff 25 were able to compute muscle elasticity from pressure-volume curves in excised dog hearts because the pericardium had been removed, making the heart muscle the dominant determinant of the pressure-volume curve. In a physiological situation, the stiff pericardium 8 '*" 82 -84 could make the ventricle appear much stiffer (in terms of the pressure-volume curve) than one would expect from the muscle's mechanical properties alone. VOL. 42, No. 2, FEBRUARY 1978 Ventricular interaction may be an important mechanism for acute reversible shifts in the pressure-volume curve. During ischemia induced by atrial pacing, 5 " 8 filling of both ventricles increases, and increased right side volume and pressure makes left-sided pressure increase more than one would expect from the volume increase alonethe pressure-volume curve shifts up. Likewise, during exercise-induced ischemia, Flessas et al. 9 observed not only an upward shift in the pressure-volume relationship, but also an increase in right atrial pressure. This direct action of filling pressure provides the mechanism by which agents that increase blood pressure shift the pressurevolume curve up 10 and agents that drop blood pressure drop it. 10 " 13 In particular, Alderman and Glantz 10 showed that angiotensin not only increased left ventricular enddiastolic pressure and aortic pressure, but also right ventricular pressure; nitroprusside dropped all three. Shirato et al. 87 showed, in dogs, that shifts in the diastolic pressure-diameter curve with nitroprusside only occur with the pericardium closed. Thus, animal and human studies all strongly implicate direct mechanical coupling between the two ventricles as an important mechanism for producing beat-to-beat changes in the left ventricular diastolic pressure-volume relationship.
Implications for Systole
Systolic performance depends on end-diastolic volume (more precisely, end-diastolic sarcomere length) because of the Frank-Starling relationship. Thus, one can describe ventricular function by plotting systolic performance (e.g., stroke work, stroke volume, or cardiac output) against end-diastolic volume (Fig. 6A) . A unique relationship between left ventricular end-diastolic pressure and volume would permit one to present ventricular function curves by plotting systolic performance against end-diastolic pressure 88 (Figure 6B and C) . This logic led to constructing traditional human ventricular function curves using balloon-tipped flotation catheters. 89 The ventricular function curve shifts up with increases in contractility or decreases in ejection impedance. 89 ' 90 Acute changes in the left ventricular pressure-volume relationship, whatever the mechanism, can also change the left ventricular function curve.
For example, increasing right ventricular pressure depresses the left ventricular function curve by shifting the left ventricular pressure-volume curve to produce higher left ventricular pressure at the same or smaller volume. Thus, Elzinga et al. 45 decreased an isolated cat left ventricle's output by independently increasing its right atrial pressure, despite the fact that they held left ventricular afterload constant. Moulopoulos et al. 1 " and Taquini et al. 92 used open-chest dogs to show that right ventricular distention depressed traditional left ventricular function curves.* Rather than observing some depression of left ventricular muscle performance, their results reflect the fact that the end-diastolic sarcomere length corresponding to the end-diastolic pressure observed during right ventricular distention was shorter than that which would be present had the right ventricular pressure remained constant. These observations point out the difficulty of using end-diastolic pressure interchangeably with end-diastolic volume or some other measure of ventricular size when attempting to construct ventricular function curves to understand systolic function.
Vasodilator drugs administered to people with high left ventricular pressure shifts the ventricular function curve up because they reduce filling pressure and increase stroke volume. 93 Since these drugs have no direct effect on contractility, 94 it has been presumed that this effect is due to reduced impedance to left ventricular ejection. However, the same vasodilator agents shift the left ventricular pressure-volume curve down to produce a reduction in left ventricular end-diastolic pressure at the same enddiastolic volume. 10 ' 93 Since stroke volume depends primarily on end-diastolic volume, much of the shift of the ventricular function curve to the left may be due to acute changes in the diastolic pressure-volume relation. This reasoning suggests the potential importance of reducing right-sided pressure to maintain left ventricular functionsomething that the vasodilator drugs do quite readily.
In contrast, vasopressor drugs raise both left and right side pressures and thus increase left ventricular filling pressure at the same end-diastolic volume. These effects shift the ventricular function curve to the right. The known propensity for arterial pressure and left ventricular filling pressure to follow each other closely in terms of directional changes may be a partial expression of this relationship. 95 In any event, vasopressor drugs tend to increase congestive symptoms of the person in heart failure at the same end-diastolic volume. Similarly, left ventricular filling pressure could be elevated by acute distention of the right ventricle, as occurs after acute pulmonary embolism. Ventricular interaction helps explain how failure on one side of the heart can induce failure on the other side. This interaction also may present opportunities for therapeutic intervention.
Summary
We need to reassess the direction of research on questions related to the left ventricular diastolic pressurevolume relationship. To date, most workers have concen-* Moulopoulos et al." also found that right ventricle bypass depressed the left ventricular function curve. This result contrasts with what one would expect from the ventricle interaction theory. Later investigators," however, were unable to duplicate this result and it may have represented a true depression of the ventricle's contractile state due to surgical trauma and the fact that the dog's brain was ischemic while the dog was on right heart bypass. trated on developing sophisticated models of the left ventricle with the hope of computing detailed stress distributions or inferring changes in muscle elasticity with disease, especially coronary artery disease. Unfortunately, one cannot obtain enough information from the short segment of the diastolic pressure-volume curve available clinically to compute any of the proposed ventricular stiffness parameters. The fact that the relationship between end-diastolic volume and pressure changes on a beat-to-beat basis undermines traditional ventricular function curves, since such changes in diastolic pressure-volume curve shift the ventricular function curve just as do changes in systolic performance.
The theoretical, experimental, and clinical results we have reviewed suggest that geometry changes -hypertrophy and dilation -influence the pressure-volume curve in response to chronic changes in the heart's operating environment. Acute reversible muscle elasticity changes are much smaller than have been expected and are probably inadequate to explain acute shifts in the pressurevolume curve. In addition, direct experimental studies on dog hearts with the effects of the right ventricle minimized failed to detect changes in the pressure-volume curve with either segmental or global ischemia. Changes in muscle elasticity, however, play an important role in mediating some chronic shifts in the pressure-volume curve, such as those which develop following the development of fibrosis. Whether or not viscoelastic effects are physiologically significant remains to be resolved. Incomplete relaxation and coronary circulation engorgement are probably not significant determinants of the pressurevolume curve or mechanisms which produce the shifts that have been observed in both acute and chronic situations. Strong evidence supports a role for the interaction between the right and left ventricles in regulating the left ventricular diastolic pressure-volume relationship. Future work should seek to understand better the variation in the pressure-volume curve and its relationship to systolic function, as well as to determine whether or not manipulating this variation can be used as a therapeutic intervention to treat left heart disease.
